Abstract-The analytic potential model for symmetric doublegate MOSFETs is verified and calibrated with experimental n-and p-channel FinFET data over a wide range of gate lengths and bias regions. Quantum mechanical effects are incorporated in the model to reproduce the measured C-V characteristics. The long-channel mobility consists of both a phonon scattering term and a Coulomb scattering term with opposite field dependence. There is a slight mobility dependence on gate length due to the different strain effects in n-and p-channel FinFETs. The 2-D short-channel model has been validated in terms of the measured drain-induced barrier lowering (DIBL), threshold voltage rolloff, and subthreshold current slope of sub-100-nm n-and p-channel FinFETs.
I. INTRODUCTION

F
inFETs are an attractive replacement of conventional bulk MOSFETs due to their high current driving ability and excellent control over short-channel effects [1] . As shown in Fig. 1 , sufficiently narrow FinFETs (t si H) can be approximated as a symmetric double-gate (SDG) MOSFET for which analytic models exist [2] , [3] . A long-channel core model for SDG MOSFETs was developed based on the analytic solution of Poisson's equation without invoking the chargesheet approximation [4] - [6] . As the device dimension is scaled down aggressively, however, additional physical effects must be taken into account. First, the carrier distribution requires rigorous quantum mechanical solution for devices with very thin oxide and silicon body. Second, as the gate length decreases, short-channel effects, namely, threshold voltage rolloff, drain-induced barrier lowering (DIBL), and subthreshold current slope degradation become important due to lateral field penetration. To model the experimental devices accurately over a wide range of gate lengths, it is necessary to incorporate these effects into the core model. In this paper, we present the compact modeling of experimental n-and p-channel FinFET devices by calibrating the analytic potential model with quantum mechanical and 2-D effects for SDG MOSFETs. Section II briefly describes the fabrication process and device parameters of the experimental FinFET hardware. In Section III, the results of compact modeling of the FinFET devices are presented with an insight to their physical meaning. Section III-A covers the quantum mechanical effects. The mobility model is described in Section III-B. It is found that a gate-length-dependent mobility model is necessary to account for the strain-induced effects in n-and p-channel FinFETs, respectively. Short-channel device calibration is given in Section III-C. Section IV concludes this paper.
II. EXPERIMENTAL FinFET DEVICES
Thirty-nanometer thick undoped n-and p-channel FinFETs were fabricated in 110 channel orientation on a silicon-oninsulator (SOI) substrate with a 145-nm thick buried oxide layer. After etching the Si fins with a nitride hard mask, a H 2 annealing was carried out to reduce the surface roughness, in advance of a 2-nm in situ stream generated gate oxidation. For the gate electrode, a 10-nm thick TiSiN tensile metal gate with midgap workfunction was deposited, followed by a 10-nm amorphous Si deposition and a 5-nm nitride spacer formation, as shown in Fig. 2 . After a second nitride spacer (50 nm) deposition, deep source-drain implantation was performed. Both n-and p-channel FinFETs have nominal gate lengths from 10 μm to 90 nm and fin heights of 60 nm. Measurements on both n-and p-channel FinFETs are performed at room temperature.
III. COMPACT MODELING OF FinFET HARDWARE
The C g -V gs data of 10-μm n-and p-channel FinFETs are presented in Fig. 3 . The mobilities extracted from the longchannel I ds -V gs data are shown in Fig. 4 . The I ds -V gs data with low drain voltages are normalized and plotted for gate lengths from 10 μm to 0.25 μm in Figs. 5 and 6. The I ds -V gs and I ds -V ds data of several selected n-and p-channel 10-μm and sub-100 nm FinFETs are shown in Figs. 7 and 8. Several key modules added to the long-channel core model [5] are discussed below.
A. Quantum Mechanical Effects
It is clear from the n-and p-channel FinFET C g -V gs data in Fig. 3 that the classical SDG model significantly overestimates the gate capacitance in inversion. Compact modeling of the experimental FinFET hardware therefore requires quantum mechanical correction of the inversion layer thickness [7] . The effective oxide thickness accounting for quantum mechanical effects is empirically modeled as
where t ox is the physical oxide thickness, m * is the effective mass along the confinement direction, and δt inv is the difference between the classical and quantum inversion layer thickness. δt inv is a weak function of the inversion charge density Q i [8] . While (1) addresses quantum confinement in the fin width direction, additional 2-D confinement effects may arise for extremely small fin heights below ∼5 nm. There is no numerical problem with (1) since the mobile charge density always remains finite in the continuous analytic potential model. Because the (110) sidewall surface is dominant in the experimental FinFET hardware in Fig. 2(b) , the effective masses for the (110) surface confinement are used as the starting values to model the quantum mechanical effects [7] . A slight adjustment of the effective mass is allowed to account for the different effective mass of the (100) top surface under the gate.
The gate capacitance is calculated by taking the derivative of the gate charge with respect to the gate voltage [6] . Quantum mechanical effect is incorporated in the gate charge by substituting (1) for the gate oxide thickness in the analytic potential model. With the quantum model, the C g -V gs data of n-and p-channel FinFETs are reproduced by the SDG MOSFET model in Fig. 3 . The nominal and model fitting parameters of the n-and p-channel FinFETs are given in Table I . The nominal W eff is calculated from the perimeter of the gate, including the two sidewalls and the top surface. The model fitting W eff is slightly larger due presumably to the nonzero gate tails at the bottom of the fins, as shown in Fig. 2(b) . Furthermore, higher inversion charge densities at the higher field corners of the fins also contribute to the increase of the effective device width [9] . The quantum shift of threshold voltage due to carrier confinement is negligible in the given devices with 30-nmwide fins.
B. Mobility Model
Electron and hole mobilities have been extracted from the long-channel I ds -V gs data at low V ds and from the integrated charge density of the C g -V gs data. The commonly employed universal mobility model with only phonon scattering fails to describe the mobility degradation in the low field region in Fig. 4 . A separate Coulomb scattering term is added to the mobility model Table II . The extracted mobilities in Fig. 4 are comparable with previously reported data [10] .
The low-drain-bias I ds -V gs data of 1-and 0.25-μm devices reveal that the mobilities of both n-and p-channel FinFETs are gate-length dependent [11] . The normalized currents I ds /(W/L) of n-channel FinFETs in Fig. 5 decrease toward short gate lengths, whereas those of p-channel FinFETs increase. The "Shift-and-Ratio" method [12] is employed to separate out the source-drain series resistance, which is nonnegligible in the 0.25-μm devices shown in Fig. 6 . The extracted series resistances are 170 and 156 Ω · μm for n-and p-channel FinFETs, respectively [10] . The mobility dependence on gate length is attributed to the tensile strain induced by the metal gate over the FinFETs. The electron mobility is degraded in shorter devices, whereas the hole mobility is enhanced. The mobility trends can be explained by relaxed tensile strain toward short gate lengths [13] , [14] . There is little mobility dependence on gate lengths below 100 nm.
C. Short-Channel Effects
For sub-100-nm FinFETs in Fig. 7 , short-channel effects such as DIBL, threshold voltage rolloff, and subthreshold current slope degradation become significant. Based on the analytic solution of 2-D Poisson's equation for SDG MOSFETs [15] , the subthreshold current can be expressed as
where the 2-D analytic potential ψ(x, y) is given by
Here, b 1 and c 1 are the first-order coefficients of the 2-D potential, and λ 1 is the longest scale length that satisfies the eigenvalue equation
DIBL is captured by the V ds dependence of c 1 in (4). By considering the minimum potential in the channel length direction, explicit expressions for the threshold voltage rolloff and subthreshold current slope are derived as functions of the effective channel length, silicon thickness, oxide thickness, and bias conditions [15] . Because the high-order terms are dropped in (4), the model becomes less accurate when the channel length is comparable to or shorter than the scale length, i.e., L eff ≤ λ 1 ≈ 41 nm. The current FinFET hardware was not designed for such short devices. They would have too severe a shortchannel effect to be of practical use.
Effective channel lengths L eff are extracted based on the measured DIBL and threshold voltage rolloff of the particular devices (Fig. 7) . The subthreshold current slope degradation in Fig. 7 agrees well with the extracted L eff . This approach is validated by the fact that the difference between the effective channel lengths and the drawn gate lengths ΔL eff is nearly constant for all gate lengths: ΔL eff ≈ 8 nm for n-channel FinFET and 14 nm for p-channel FinFET. The comparison between the measured and modeled I ds -V ds curves is presented in Fig. 8 , with high-field effects incorporated in the model. The model consistently reproduces the drain currents over a wide range of gate lengths and bias voltages.
IV. CONCLUSION
The analytic potential compact model for SDG MOSFETs has been systematically calibrated using long-to short-channel FinFET hardware data. Incorporation of quantum effect in the model is necessary to account for the observed C g -V gs results. The long-channel mobility model consists of both a phonon and a Coulomb scattering term. Gate-length-dependent strain effects on mobility are examined and quantified for n-and p-channel FinFETs. Short-channel threshold voltage rolloff and DIBL are well described by the 2-D analytic model in subthreshold.
